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Observation of Distinct Surface Alyy Sites and Phosphonate Binding Modes in y-Alumina
and Concrete by High-Field >’Al and 3'P MAS NMR
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High loadings of nerve agent-related phosphonic acids adsorbed on y-Al,O; and concrete examined by 3'P
MAS NMR and high-field Al MAS NMR reveal the presence of several phosphonate—surface binding
modes and greatly improved resolution of multiple Aly sites. Some of the resolved Alyy sites are sensitive to
surface hydroxylation/dehydroxylation are attributed to surface Al;y—OH groups (apparently having been
observed for the first time). Although the number of surface Alyy sites detected by high-field 2’Al MAS NMR
(three) is in agreement with current surface models, their dehydroxylation behavior does not entirely concur
with proposed dehydroxylation mechanisms. The various phosphonate—alumina surface species detected by
3P MAS NMR are consistent with those previously observed by IR techniques. In concrete, the formation of
an aluminophosphonate species is directly observed, consistent with the recalcitrant extraction behavior exhibited
by adsorbed phosphonates in environmental matrices.

Introduction

Nerve agents GB (isopropyl methylphosphonofluoridate), GD
(pinacolyl methylphosphonofluoridate), and VX [O-ethyl-S-(2-
diisopropylamino)ethyl methylphosphonothioate] hydrolyze on
metal oxides' ™ and concrete,’ 8 forming their corresponding
phosphonic acids (Scheme 1). Previous work examining these
reactions on y-AlLO; by 3'P and ??Al MAS NMR? showed
binding of these species to the alumina surface (surface-com-
plexes 4 and 5; Scheme 3 below) the formation of discrete
aluminophosphonate species (6 and 7; Scheme 3 below) via
surface erosion and the secondary hydrolysis of VX-derived
ethyl methylphosphonate (EMPA) to methylphosphonate (MPA).
Isopropyl methylphosphonate (IMPA) and pinacolyl methyl-
phosphonate (PMPA), the hydrolysis products of GB and GD,
respectively, were not observed to undergo secondary hydroly-
sis.3 In the present work, examining higher surface loadings and
utilizing high-field NMR affords greater detail concerning the
manner in which phosphonates interact and bind to alumina and
concrete surfaces, and the nature of the y-Al,O5 surface itself.

Ultrahigh magnetic field (21.1 T) >’Al MAS NMR spectra
have already been reported by Peden et al.’ for y-Al,O3; where
samples calcined at 500 °C showed baseline-separation of
resonances for tetrahedral (Alyy, 72.8 ppm), pentacoordinated
(Aly, 38 ppm), and octahedral (Aly;, 13.8 ppm) aluminum sites;
the Aly sites evidently residing exclusively on the surface.!
Massiot et al.!! have noted that Aly sites are an anomaly within
the y-Al,O; defective spinel structure (composed of Al and
Aly; elementary units); thus, Aly sites, or lack thereof, is an
indicator as to the amount of structural disorder.

Calcination at 500 °C removes physisorbed water and
hydroxyls on adjacent Al sites (most easily removed; perhaps
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as much as 90.4% of the surface hydroxyls'?), leaving primarily
isolated surface hydroxyls which are only slowly removed at
higher temperatures.!® Thus, ultrahigh magnetic field studies to
date have reported Al MAS NMR spectra for very delydroxy-
lated y-Al,O5 surfaces, demonstrating improved resolution
between each class of Al site (Aly, Aly, Aly;). However, as
shown below, ultrahigh field 2?A1 MAS NMR is of further use
for studying hydroxylated y-Al,Os surfaces, enabling resolution
of distinct bulk and surface Alyy sites, the latter exhibiting
dramatic changes during dehydroxylation.

Experimental Section

Materials and Methods. Samples were prepared by adding
measured amounts of neat liquid (PMPA, IMPA, EMPA) and
solid (MPA) phosphonic acids (Aldrich) directly to y-Al,O;
(Selexsorb CDX, Alcoa) and (crushed) concrete. Solid meth-
ylphosphonic acid (Aldrich) was physically mixed with y-Al,O5
using a spatula. The composition of the concrete has been
previously described.'* XRF analysis (Clarkson Laboratory and
Supply, Inc.) showed an alumina content of ca. 10% (see
Supporting Information).

NMR. *P and Al MAS NMR spectra were obtained using
Varian Unityplus 300, INOVA 400 and 600, and Bruker AVANCE
500, 750, and 900 NMR spectrometers. Direct polarization was
employed for all spectra. Spectra were referenced to 85% H;PO,
('P, 0 ppm) and 1 M AICI; or 0.1 M AI(NOs);-9H,0 in H,O
(*'Al, 0 ppm; both solutions yielded the exact same shift).

Results and Discussion

High-Field Al MAS NMR of y-Al,Os. Figure 1 shows 2’Al
MAS NMR spectra obtained for the same commercial sample
of y-Al,O; utilized in ref 3 at various magnetic fields and
hydoxylated at ambient humidity (see below). As expected,
dramatic sharpening of both the Aljy (four-coordinate, tetrahedral
sites; ca. 60 ppm) and Aly; (six-coordinate, octahedral sites;
ca. 10 ppm) is observed on moving to higher field as second-

© 2009 American Chemical Society
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order quadrupolar (broadening) effects become subordinate to
the dominant NMR Zeeman interaction.'> For the Aly; sites,
especially marked sharpening occurs between 9.4 and 14 T with
minor, further sharpening at the higher fields. (The large
difference in resolution between 9.4 and 14 T is not due to the
disparity in spinning speed, i.e., 4300 vs 8000 Hz, as variable
spinning experiments performed at 9.4 and 17 T from 5000 to
17 000 Hz showed little effect on the linewidths of either the
Alyy or Aly; resonances (see Supporting Information).) Also at
the higher fields, a small signal for Aly (pentacoordinated sites;
ca. 35 ppm)*!%1® (see below) is able to be resolved between
the much more intense Alyy and Aly; peaks. However, it is the
Alyy sites which benefit most from the highest 21 T field strength
as three separate sites become clearly resolved at 68.4, 60.3,
and 57.5 ppm (a shoulder; still somewhat visible at 17.5 and
14 T).

Dehydroxylation Behavior of y-AlLO;. Figure 2 shows 21-T
Z7A1 MAS NMR spectra obtained for the y-Al,O3 before and
after partial dehydroxylation at 400 °C. The Aly regions near
35 ppm are enhanced in the insets for each spectrum. Tentative
assignments of the multiple Aly peaks resolved in Figure 2 are
discussed below. Partial dehydroxylation results in the disap-
pearance of the two overlapping Aljy peaks at 60.3 and 57.5
ppm, apparently being replaced by a much broader peak at 55.9
ppm. The remaining Alyy peak at 68.4 ppm is only slightly
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broadened by the water-loss and is presumably due primarily
to internal (not surface) Alyy sites which tend to comprise about
25% of the total Al in y-Al,0s."” These results are in partial
agreement with Coster et al.'® who previously observed two
separate Alyy peaks at 11.7 T in dehydrated y-Al,O3, which are
remarkably similar to the present 68.4 and 55.9 ppm peaks, but
resolved only a single Al in the hydrated material (presumably
due to peak overlapping/decreased resolution at the lower field
strength employed). For the Aly peak no major intensity (peak
area) change is observed, although subtle shifting of its shift
from 35 (hydroxylated surface) to 33 ppm (dehydroxylated
surface) suggests some awareness of nearby surface hydroxyls.
The insensitivity of Aly sites to drying/dehydroxylation (200
°C) has very recently been noted by Skibsted et al.;'” thus, the
Aly sites do not appear to be directly involved in the dehy-
droxylation process observed at these temperatures. Like the
Alyy sites, the Alyy peak at 10.2 ppm is also broadened by the
loss of water, consistent with the observations of Morris and
Ellis.?® Data obtained at 14 T (not shown) show that besides
the broadening, partial dehroxylation at 400 °C results in
intensity (peak area) losses for both the Aly; peak and Alyy peaks
(total) of 16% and 19%, respectively. Some of this decrease in
intensity (peak area) may simply be due to attendant changes
in second-order quadrupolar effects which could severely
broaden resonances, adversely impacting their intensity. (Gan

x10
21T
17.5T
14T
94T
7T

Figure 1. Al MAS NMR spectra obtained for y-Al,O; at 7 (v, = 5600 Hz), 9.4 (v, = 4300 Hz), 14 (v, = 8000 Hz), 17.5 (v, = 8000 Hz), and
21 T (v, = 20 000 Hz). Inset shows enhanced (10x) Aly region for the 21 T spectrum.
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Figure 2. ?’Al MAS NMR (21 T, v, = 20 000 Hz) spectra obtained for as-received (hydrated, bottom) and partially dehydrated (400 °C, top)
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et al.'> have shown that quantitative ’Al MAS NMR spectra
may be obtained when second-order quadrupolar effects are
small compared to the magnetic field strength.)

Comparison of High-Field ?’A1 MAS NMR Observations
with y-Al,O; Surface Model. Knozinger and Ratnasamy?'
proposed five types of surface hydroxyl groups on y-AlLOs,
which reside on the various available crystal faces, and further
suggested preferred dehydroxylation pathways as shown in
Scheme 2. Starting with the (110) face, dehydroxylation of the
adjacent la and IIb sites would result in the loss of a Aljy-la
site, forming a Alyy site and two modified Aly-1Ib sites. This
mechanism is in agreement with the disappearance of one of
the two resolved Alyy sites (60.3 or 57.5 ppm), both of which
are assigned to Aly—OH groups in terminal Ia and/or bridging
IIa sites (see below). Modification of the bonding in the Aly,
sites should be reflected in a change in line width of the Aly;
peak at 10 ppm as the bonding and, hence, the electric field

gradient around the Aly; sites changes. This is indeed the case
as noted above for Figure 2. Although the formation of Aly
sites is predicted by this mechanism, they have not been
observed on y-Al,03.22 Sohlberg et al.?> have proposed that
significant rearrangement of surface sites occurs such that gen-
erated Aly; sites fill vacant octahedral sites. Although, this de
facto conversion of Alyy to Aly; is consistent with the intensity-
loss noted above for the Alyy region, it would increase the
intensity of the Aly; peak, in opposition to the experimentally
observed intensity decrease.

The (100) face possesses uniform Aly-Ib sites. Statistical
removal of water from adjacent sites'> would merely generate
additional modified Aly; sites (with the attendant line width
modification of the Aly; peak at 10 ppm) with no change in
intensity (peak area) anticipated (ignoring second-order qua-
drupolar effects'®).

For the (111) face, two possible dehydroxylation scenarios
are possible. The favored mechanism is loss of water from the
adjacent Ia (basic) and Ila (acidic) groups to generate a
(transient?) Aly site and modified Al and Aly; sites. This
mechanism is also in agreement with not only the disappearance
of a second Al,y—OH resonance (see above) but also the
emergence of the Al peak at 55.9 ppm which can be assigned
to the modified Aly-Ila site. However, the original, total
intensity of the Alyy—OH resonances (60.2 and 57.5 ppm)
appears much too small to account for the relatively large
intensity of this dehydroxylated Aly; site since it should be a
two-for-one swap, i.e., one Ia and one Ila would give only one
modified (dehydroxylated) Ila. Again, intensity-distorting second-
order quadrupole effects'> cannot be ruled out and additional
unknown surface rearrangements could be the cause of the
unexpectedly large intensity of the new, dehydroxylated Aly
site (see below). As mentioned above, the lost Alyy-Ia would
yield an additional Aly; site (via relaxation of the Alyy into a
vacant Aly; site), resulting in a further addition of intensity to
the Aly; peak (not the experimentally observed decrease).

It is the second dehydroxylation mechanism of the (111) face
which offers a possible explanation for the experimentally
observed intensity decrease of the Aly; sites. For this final
mechanism, water-loss converts two Alyy sites, one from IIb
and one from III, to two Aly sites; the remaining two Aly-IIT
sites are merely modified (as previously discussed). Thus, this
mechanism potentially accounts for observed loss in intensity
of the Aly; peak (10 ppm). However, comparable intensity
increase in the Aly peak region (ca. 35 ppm) is certainly not
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Figure 3. 3'P (top) and 27Al (bottom) MAS NMR spectra obtained for phosphonates adsorbed on y-Al,O; (see text).
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observed in the upper spectrum of Figure 2. Although a severe
change in second-order quadrupolar effects'® precluding their
detection and/or adequate quantitation cannot be ruled out, a
more plausible explanation is relaxation of these newly formed
surface Aly sites to either Aly; or Al sites in a manner
analogous to that proposed by Sohlberg et al.!¢ for Alyy sites. It
is important to note that potential conversion of Aly to Al
could account for the larger-than-expected nature of the 55.9
ppm peak detected in the partially dehydroxylated material.

The above discussion merely attempts to match some of the
experimental details provided by this preliminary high-field *’Al
MAS NMR data to an existing y-Al,O3 surface model. Clearly,
additional work is needed to reconcile surface models with the
dehydroxylation behavior of y-Al,O5 and the enhanced structural
detail afforded by high-field 2’Al MAS NMR.

3P and 2’A1 MAS NMR of Phophonate Species on 7-AlL,O;.
3P and Al MAS NMR spectra (both obtained at 14 T) for
PMPA, IMPA, EMPA, and MPA adsorbed on y-Al,O; at
respective loadings of 0.72 (13.0 wt %), 1.0 (13.8 wt %), 1.1
(13.9 wt %), and 1.1 mmol/g (10.2 wt %) are shown in Figure
3. It is readily apparent from the P MAS NMR spectra that at
these high loadings, multiple species are present. Peak assign-
ments in Figure 3 refer to the structures shown in Scheme 3.

The binding of organophosphonates to alumina have previ-
ously been characterized by IR? and inelastic electron tunneling
spectroscopy.?* As shown in Scheme 3, several surface species
have been identified: molecularly adsorbed (1, 2), bidentate (4,
deprotonated PMPA, IMPA, EMPA) and tridentate (5, depro-
tonated MPA). Also shown in Scheme 3 are the presumed
aluminophosphonate structures 6 (PMPA, IMPA, EMPA) and
7 (MPA), which have been previously detected and characterized
by 3'P and ?’Al MAS NMR.? These compounds® yield small

F|,,0R % o
| [og! AI
Q’P\a? RO/P gAI 8 ‘%
Al~_JAI.
Al O~|;;\OR % AL % ~
5 6 7

peaks near —16 ppm in the Al MAS NMR spectra of Figure
3. The 3'P MAS NMR peak assignments of 6° are straightfor-
ward, as they are distinctly shifted upfield and their rigid
structures yield spinning sidebands.?® However, the peak for 7
is quite broad such that it may overlap with that of any
potentially formed 5. Since a small peak is present near 23.3
ppm for excess, loosely bound MPA, it is probable that 5 is
indeed present but its peak is not resolved. Moving downfield,
the first species encountered are the deprotonated bidentate
surface complexes (ca. 25 ppm) which are not free to rotate
and similarly exhibit spinning sidebands. Although not expressly
specified by previous studies,?*?* a second deprotonated species
(ca. 26 ppm) is apparently present, as it possesses a shift similar
to that of the bidentate species but is experiencing motional
averaging® as evidenced by the lack of spinning sidebands.
Therefore, this peak is assigned to a nonspecifically bound,
unprotonated species (3) which would be able to freely rotate.
For the higher-loading IMPA and EMPA samples, downfield-
shifted peaks near 30 ppm are assigned to protonated, molecu-
larly adsorbed species (1 and/or 2), the shifts of which are
similar to the protonated species in solution. Experiments
performed to titrate the surface with successively higher loadings
(not shown) reveal that bidentate species 4 forms first, followed
simultaneously by 3 and 6 (consistent with the need of excess
acid to effect formation of the latter), and finally, once the
surface capacity is apparently breached, by molecular species
1 and/or 2.

31p and 2’Al MAS NMR of EMPA Species in Concrete.
3P and Al MAS NMR spectra, obtained at 11.7 and 21 T,
respectively, for 44 wt % EMPA adsorbed on concrete (10%
alumina) are shown in Figure 4. Although not as upfield-shifted
as corresponding peaks for the species on y-Al,O;, two broad,
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Figure 4. 3'P (top, a and b) and *’Al (middle, ¢ and d) MAS NMR spectra obtained for EMPA adsorbed on concrete. Spectra (a) and (c) are 3x
and 10x expansions of (b) and (d), respectively. The 2?’A1 MAS NMR spectrum of the concrete prior to EMPA adsorption is shown in spectrum

(e). Spinning sidebands are marked by asterisks.

overlapping peaks possessing spinning sidebands attributable
to species 4 and 6 are detected at 24.6 and ca. 20 ppm,
respectively (an additional small shoulder at 35 ppm is assigned
to nonspecifically bound 1/2). Although its peak cannot be
resolved from the quite broad resonance of species 4, analogous
to the results for y-ALOs; (see above), species 3 is also
undoubtedly present. Consistent with the observation of 6 in
the 3'P MAS NMR spectrum, a small broad peak is detected
for this species in the 2’Al MAS NMR spectrum at —14.8 ppm.
Also present are additional background peaks due to various
Aly and Aly; sites present in the concrete itself, which contains
about 10% alumina. Relying on previous assignments by
Skibsted et al.?” and Faucon et al.,%® these peaks are apparently

due to bridging Alyy incorporated into SiO,4 chains of calcium
silicate hydrates (C—S—H), 71.6 ppm; nonbridging Al incor-
porated into SiO, chains of C—S—H, 61.6 ppm; Al;y present in
a silica network gel, 58.6 ppm; and Aly; present in an alumina
gel or calcium aluminate hydrate, 5.1 ppm (the latter two sites
not incorporated in the C—S—H).

Although these results were carried out at rather high EMPA
loadings (44 wt %), the fate of much smaller phosphonate
loadings, perhaps more pertinent to environmental persistence,
are of interest. Analogous to low-loading results previously
reported for y-Al,O;> it is anticipated that primarily the
strongest-bound species 4, 5, 6, and 7 will form (additional
experiments are planned to confirm these expectations). Indeed,
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Kingery and Allen® have noted the difficulty in extracting nerve
agents and/or their hydrolysis products from soil and suggested
that complexation onto metal oxides may be important for
environmental materials in general. This is indeed the case for
concrete, especially for species such as 6 and 7 which can
typically only be dissolved (extracted) by protic media at acidic
pH.3

Conclusion

High-field 2’ A1 MAS NMR affords unprecedented resolution
of various surface-related Aly sites on y-Al,Os;, which have
apparently been reported for the first time. Whereas the number
of surface Alyy sites detected, three, is in agreement with the
surface model of y-Al,Os, their dehydration behavior is not
entirely consistent with proposed surface-dehydroxylation mech-
anisms. For high-loadings (>10 wt %) of phosphonic acids
adsorbed on y-Al,Os, besides aluminophosphonate species,
multiple 3'P MAS NMR resonances are observed reflective of
several surface species attributable to both deprotonated (mono-,
bi-, and tridentate) and protonated (H-bonded, free) species
which have previously been observed by IR techniques. The
formation of aluminophosphonate in concrete is directly detected
by 3P and Al MAS NMR, consistent with the problematic
extraction of phosphonic acids from environmental materials.
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